The development of broadband transmission and ATM switching technologies opens up an opportunity for providing high bit-rate multipoint and multimedia services such as video conferencing. Also, wireless communication has the inherent advantage of multicast transmission and may be used for multipoint information services. We consider multicast packet switching for which an input may send the same packet to many outputs within an ATM time slot. A host of multicast queueing disciplines can be exercised. Assuming only independent Head of Line (HOL) service to an output from slot to slot, we derive the delay performance and saturation throughput. We then examine the accuracy of the assumption for different disciplines via extensive simulation. The FCFS HOL service discipline not only has almost completely identical results for simulation versus analysis, but also provides the best saturation throughput, fairness, and delay performance among all disciplines considered. The analysis shows that implementing packet priorities can significantly improve delay performance.
I. Introduction
Multicast communication services such as video conferencing and message multicasting are highly desirable. Current technology trends provide an opportunity for offering such services. One such trend is the development of high bandwidth optical transmission, thereby enabling integrated transport of a broad variety of voice, data and video services [1] . Another is the development of optical wavelength division switching, which has the inherent advantage of multicasting information to multiple destinations [2, 3] . Still a third trend is the development of wireless information networks [4] using the radio transmission medium which, like the optical wavelength division transmission medium, is inherently multicast in nature.
Due to the broad spectrum of bit-rates for transmission and the difficulty of switching multicast and multirate connections, ATM (Asynchronous Transfer Mode [5, 6] ) has been recognized as the transmission and switching format of choice for the future integrated broadband network. A similar fixed length packet format is sometimes suggested for the wireless information network [4] for two reasons: first, better bandwidth efficiency exploiting the bursty nature of both voice and data, and second, easier interfacing with the future ATM backbone network. Given this trend, we shall focus our analysis for ATM packet switching, assuming a slotted timing of fixed duration common to the switched transmission media. Such switched transmission may occur at the inputs/outputs of a space division switch, or at the transmitter/receiver pairs of a wavelength (optical or radio) division switch.
In several practical implementations of a switch using these technologies, the following connection model is adopted. The first feature of the connection model allows each input to be connected to more than one output within a slot time. This feature is known as multicasting [5, 7, 8, 13, 14] . For optical or radio implementations, one method of achieving multicasting is to allow tunable receivers to listen to a fixed frequency channel used by the transmitter. The second feature of the connection model restricts each output to be connected to at most one input at a time [3, 15] . Thus multiple connection requests to the same output in a slot time constitute an output conflict, which must be resolved by an output conflict resolution algorithm. Many algorithms have been proposed, for example [9] .
II. Multicast Queueing Disciplines
In describing queueing disciplines, we adopt the space division model for an N ×N packet switch. For a unicast input queued packet switch, the packets at the Head-Of-Line (HOL) contend for the output servers per slot time. Only one among the conflicting HOL requests (namely those HOL packets with the same output address) is served during the slot time. The rest are blocked, queued at the input, and may retry the next slot time. This blockage, termed HOL blocking, reduces the throughput of an input queued packet switch to at most 58.6% [9, 10] . This upper bound is also termed the saturation throughput. To reduce HOL blocking, the internal speed of the packet switch is increased relative to the input/output speed. Consequently, the input time slots may have a more than 58.6% occupancy, and queueing is shifted from the inputs to the outputs.
For multicast switching, a HOL packet may request delivery to multiple destinations. This multiplicity is termed fanout. Hence there are more requests for each output per slot than unicast switching, resulting in a higher saturation throughput to be derived later. The selection among conflicting HOL requests may use different queueing disciplines. This paper defines these disciplines and explores their differences in throughput/delay performance.
In this paper, we are primarily concerned with the input-queued multicast packet switches, for which we assume at most one packet may be delivered to an output in a time slot. Similar to unicast switching, queueing can be shifted from the inputs to the outputs by a speed-up of the switch fabric. The analysis of the output-queued multicast switch is almost identical to the output-queued unicast switch [10] so long as the fanout multiplicity is taken into account. Hence we shall consider only input-queued multicast switches.
The rest of this section defines these disciplines. As a reference, consider using a unicast packet switch for multicasting.
Strategy 1. Unicast (or Sequential) Service
One destination of a multicast packet per input is allowed to contend for the output per slot. The destinations are served sequentially, and hence the transmission of a multicast packet takes at least a many slots as the fanout. For this discipline, we may approximate the input queueing analysis by considering each destination as a unicast packet and ignore the batch arrival nature of these destinations. The delay versus throughput plot for unicast packet switching is given in [9, 10] . Later, we shall give a delay versus throughput plot via simulation for this queueing discipline.
Strategy 2. Unicast Service with all HOL Destinations Polled
Unicast service can be improved by allowing all HOL destinations to contend for transmission in a time slot. However, the unicast nature of transmission (at most 1 destination is served per time slot) is still imposed. Such multiple destination contention can be implemented by using a token ring.
Strategy 3. Multicast Service with no Fanout Splitting
Instead of transmitting the destinations one at a time per input, another extreme is to insist that all destinations of a packet have to be parallelly served in the same time slot. Due to the difficulty of analysis and more so to the anticipated poor performance, we shall only present simulation results for this discipline.
In between the extremes of strategies 1 and 3, we have the multicast queueing discipline of fanout splitting, with better throughput and delay performance than either extremes. More than one destination per multicast packet may be served per time slot, depending on the availability of the destinations. The remaining blocked destinations contend for delivery to the outputs in the next time slot. When all the residual destinations of a packet are served, the HOL packet is served and a fresh packet may move into the HOL position. We may further specify four fanout splitting disciplines according to how the conflicting HOL destinations are chosen for service.
Strategy 4. Random HOL Service with Fanout Splitting
This discipline randomly chooses one of the conflicting HOL destinations for service regardless of service history.
Strategy 5. FCFS HOL Service with Fanout Splitting
This discipline assumes that the conflicting HOL destinations are first-come-first-served (FCFS) according to their arrival time at the HOL position. For conflicting HOL destinations which arrive at the HOL position in the same time slot, the service order is random. As shown later, this is the preferred discipline with respect to fairness, saturation throughput, delay, and accuracy of analysis.
Strategy 6. FCFS Input Service with Fanout Splitting
The contending destinations are served according to their age in the input queue, instead of their age at the HOL position for the FCFS HOL service discipline. (It should be noted that the destinations across the inputs are not FCFS, rather that the conflicting HOL destinations are FCFS.) For both of these FCFS disciplines, a time stamp for a packet is given at the time of arrival to the HOL position or the input queue. At the HOL position, this time stamp can be used as a priority field, consequently favoring the earlier time stamp in the conflict resolution process. Alternatively, we may increment the priority of the packet per slot time spent waiting in the HOL position or the input queue.
Strategy 7. Polled Input Service with Fanout Splitting
For this discipline, each output polls the inputs sequentially for their HOL destinations. The first input polled with a HOL destination for the polling output is granted the transmission right. Through simulation, this polling discipline is observed to have slightly higher saturation throughput than the random HOL service discipline, but slightly lower than the FCFS disciplines.
Before presenting analytical and simulation results for these disciplines, we shall present assumptions for performance analysis.
III. Assumption for Analysis
A packet arriving at an input queue is destined for a random number F of outputs. Let r f be the probability that there are F =f destinations for a packet. We call f the initial fanout of a packet. A HOL packet which has been blocked may have R ≤f remaining destinations. We call R the residual fanout.
The initial f destinations are assumed distinct and uniformly distributed for the outputs. N , the number of inputs/outputs of the packet switch, is assumed to be much larger than the mean number of destinations per packet. Hence we may approximate the destinations to be independently and uniformly distributed for all outputs, since the resulting event of having two identical destinations in a packet becomes unlikely for large N .
To facilitate comparison for various degrees of multicasting, the throughput λ is measured per output. Assuming the packet arrival rate per input per slot to be λ input , we have
We are interested in the saturation throughput for various degrees of multicasting given by the random variable F . Below saturation, we are concerned about the delay (mean and tail distribution) versus λ.
As stated previously, we are primarily interested in the analysis of the fanout splitting disciplines. Given the intricate interactions between the queueing discipline and the correlation of the HOL destinations, engineering approximation is necessary to render the analysis tractable. The assumption is examined extensively later via simulation. The interplay of analysis and simulation led to further fine tuning of the analysis as well as considerable insights into why certain disciplines are better than others. In fact, simulation results suggested that FCFS disciplines render the adopted assumption more accuracy. These disciplines also turn out to have substantially improved delay versus throughput performance compared with the random HOL service discipline.
Our single assumption adopted is that each HOL destination is served independently, with identical probability q , across the inputs as well as from slot to slot. Given this assumption, we shall show that q is a function of λ only, provided that N is large. This independence assumption is in line with the assumption used for analyzing a unicast packet switch [9] . We shall modify the theory in [9] to account the effect of multicasting and fanout splitting. In a sense, this assumption ignores the distinctions among the four variations of the fanout splitting discipline. Later, we shall show how even this assumption can be removed at the expense of much numerical computations. Consequently, analyses for these variations can be distinguished.
Before proceeding further, let us compare our assumption with the assumptions of the notable first work by Hayes et. al. [11] , which is primarily concerned with the random HOL service discipline. They assume certain independence from slot to slot, which we also assume. They ignore HOL destination coupling and hence the input queues are independent. This assumption tends to give an optimistic saturation throughput and delay performance. Our independence service assumption is weaker because it takes into account the HOL destination coupling, which reduces throughput, by properly reducing q . They further model the multiplicities of the number of conflicting HOL destinations by a multinomial distribution. This assumption tends to give pessimistic results in practice. Our analysis uses the M/D/1 queue length distribution [12] for these multiplicities, which accurately takes into account the dynamic equation governing these multiplicities. Furthermore, they assume a given distribution for R , the number of residual destinations per HOL packet. In our approach, this distribution can be derived without an a priori assumption. Their studies focus more on switches of smaller number of inputs, whereas ours assume switches with large number of inputs.
With a more accurate assumption particularly for large switches our analysis results tend to agree better with simulation. For the random HOL service discipline, the saturation throughput via analysis has a discrepancy of less than 4%. For the FCFS disciplines, our delay and saturation analysis consistently has well less than a 1% discrepancy.
IV. Queueing Analysis
Let N j be the random number of HOL destinations for the output j . The dynamic equation governing N j is rather simple. (2) in which N j ′ is the value of N j in the next time slot, ε(x ) = 1 if x >0 and 0 otherwise, and A j is the total number of destinations for j in all fresh HOL packet arriving in the current time slot.
Conditioned on N j , the probability that a HOL destination for the output j is served in the current time slot is given by 1/N j , assuming one of the conflicting HOL destinations is chosen randomly for service. Unfortunately, N j has a rather complicated statistical structure, and consequently the evaluation of q with respect to N j may not be convenient. Also, q is a function of how long a HOL destination has been at the HOL position, as well as the HOL order of service discipline used.
Let us consider q averaged over all HOL destinations. At a particular slot time, we have Σj N j destinations at the HOL, out of which Σj ε(N j ) will be served. Over a slot time, the probability of having a randomly picked HOL destination served is
Since N j are exchangeable random variables, the summations in the numerator and the denominator, when normalized by N , converge with high probability to their mean values for large N . Also using the symmetry of the j , we obtain
Let us now evaluate these expected values using the dynamic equation for N j . For large N , the distribution of A j converges to a Poisson distribution [9, 10] with mean E [A j ]=λ and variance
We are now ready to take expectation for equation (2) .
in steady state, we have
To obtain E [N j ], we square both sides of equation (2) before taking expectation. Substituting
and noting ε is a 0-1 function, we obtain after a rearrangement of terms a certain variant of the Pollaczek-Khinchin M/G/1 mean-value formula:
After substituting the previously computed moments of A j , we have
Combining equations (4,5,7), the mean q for HOL destinations is
This formula is true in general for all fanout splitting disciplines satisfying the dynamic equation (2) . To double check this formula, we performed simulations to obtain plots of q versus λ for Strategies 4-7. For N =1000, the simulation result agrees perfectly with the formula. For N =100, there is an almost imperceptible difference as shown in figure 1 . The formula is slightly pessimistic compared to simulation, making it suitable for over engineering.
Lacking a better model for the dynamics of q as a function of the past history of HOL services, we shall induce our independence assumption stated in the previous section by setting q =q for all time. Using simulation, section V presents plots of q as a function of R , the residual number of HOL destinations. If the plot is almost flat, then the independence assumption would be a good one.
Knowing q , let us now consider the dynamics of fanout splitting and input queueing. For a fresh HOL packet arrival, the probability that a destination is served in U =u time slots is
Consequently,
Let U l be the random number of time slots required before the l -th destination is served, 1≤l ≤F . The packet is served after X time slots, where
Consider now F =f . Since the U l are assumed independent for all 1≤l ≤f , we have
The probabilities for the service time for a HOL packet is given by the following unconditioning.
The mean service time is given by
By performing a binomial series expansion for the powers of the arguments inside the square brackets, and then by exchanging the order of summation for the series with that for x , we obtain
In a similar manner, we have
Let T be the system time of a packet destination (including both the queueing time behind the HOL position and the time U spent at the HOL position before the destination is served). The mean delay E [T ] is given by a discrete time variant (Bernoulli arrival and slotted service) of the Pollaczek-Khinchin mean-value formula:
The mean waiting time at the HOL position is E [U ] = 1/q . The moments of X were given in terms of q in equations (17,18). Also, λ input can be expressed in terms of λ as given in equation (1) . Since q =2(1−λ)/(2−λ), we can plot E [T ]−1, the mean waiting time less the transmission time, as a function of λ as shown in figure 2 . The fanout for a fresh HOL packet is assumed to be a constant. Plots are given for initial fanouts of 1, 2, 4, 8, and 16. Obviously, we may plot random initial fanouts with almost the same ease.
The asymptotes give the saturation throughput. The delay becomes infinite when
Substituting λ input in equation (1) and E [F ]=f (for deterministic F ) into equation (20), we have
in which the last equality follows from applying equation (17). The value of q in terms of λ is given in equation (8) . Hence, we can solve for λ from equation (21), giving the following saturation throughputs versus fanouts. Similarly, the transform formula for X (for random F ) is given by:
Given the transforms for X and U , the distribution for T can be computed via a variant of the Pollaczek-Khinchin M/G/1 transform equation. We skip the derivations because they shed little insight on the problem. The tail distribution of T can also be conveniently bounded by the Chernoff bound through numerical methods.
V. Simulation Results and Further Refinements
Extensive simulations were performed for all seven strategies for various parameters such as mean and tail delay, HOL service probability, saturation throughput, etc. The simulations were performed over 70 networked SUN 3 workstations running in the background with a low priority. For most simulations, we waited 5000 time slots to ensure that the steady state have been reached before collecting the statistics. After the starting time, 20 tests each with a length of 1000 time slots are taken, and the results are averaged over these 20 tests and the 95% configence interval is computed as indicated in certain figures by horizontal bars. The confidence intervals were drawn only if the upper and the lower limits are significantly different and can be distinguished graphically. Figure 3 shows the saturation throughput as a function of f , the constant initial fanout. It is observed that strategy 5 agrees almost perfectly with the theory. (The saturation throughput for strategy 6 is not plotted because it is almost identical to that for strategy 5.) Strategy 7 is about 2% off from the theory for large f , whereas strategy 4 is about 4% off from the theory for large f . Strategy 2 follows a similar trend as the fanout splitting algorithm. Strategy 1 has the expected flat 58.6% saturation throughput. As expected, the saturation throughput for strategy 3 (no fanout splitting) deteriorates for large fanouts. Figure 4 illustrates the rate of convergence of the saturation throughput versus N for strategy 4. We observe that the convergence is faster for smaller fanout. The saturation throughput remains fairly constant for N >100. From this point onwards, all simulations are made for N =1000.
Let us now focus on examining the accuracy of the independence service assumption used in the theory. Figures 5 and 6 show respectively for strategies 5 and 4 (FCFS versus random HOL service) the value of q versus R for initial fanouts ranging from 1 to 16. While the plots for q is almost flat for strategy 5, there is a broader range of fluctuation for strategy 4, which accounts for the discrepancy between the theoretical and simulation results. Of particular significance is the different trends for the two plots: q increases monotonically as the residual fanout decreases for FCFS HOL service, whereas q decreases monotonically as the residual fanout decreases for random HOL service. This leads to a major disadvantage for non-FCFS strategies, namely that the delay tail distribution is larger. Simulation results also show that FCFS strategies have significantly better throughput than the non-FCFS strategies for a given delay tail probability. Figure 7 plots q (for a small range) versus R for λ=.5 and f =8 for fanout splitting strategies 4-7. It shows that the independent service assumption is much more accurate for λ below saturation.
Another plot of interest is the probability distribution for R , as shown in figures 8 and 9 for strategies 4 and 5 for various initial fanouts. It is observed that the distributions are very similar.
We also verified equation (8) for q using the plots for q as a function of R and the distribution of R through unconditioning on R . Similar plots for strategies 2 to 6 are also obtained.
Another set of plots (figures 10 to 16 for strategies 1 to 7 respectively) depicts the mean delay of each destination (from the instant the packet carrying the destination arrives at an input queue until the beginning of service for the destination) versus λ for different initial fanouts.
It is noteworthy that the corresponding mean delay curves plotted in figure 2 (by theory) and figure 14 (by simulation for FCFS HOL service) are hardly distinguishable. This was explained by the fact that the plot of q versus R in figure 7 is almost flat. Hence the waiting time at the HOL has a geometric distribution for FCFS HOL service. Non-FCFS queueing has a much worse waiting time distribution since contending destinations are pooled and served at random without regard to their arrival instants.
In fact, we can derive the distribution for the time a destination spends in the HOL position for the non-FCFS service disciplines. This delay was denoted by U l for the l -th destination. Subsequently, the delay of a packet at the HOL position is given also by max(U l ) as shown in equation (11) . The computation of this ordered statistics is substantially more difficult than geometrically distributed U l , but nonetheless can be done by numerical methods. Hence the independence service assumption can be removed.
To illustrate the superior delay tail (the probability that the waiting time in queue of a destination exceeds say B slots) of FCFS disciplines, figures 17 and 18 plot the tail probabilities versus λ (with B =40) for random HOL service and FCFS HOL service respectively. Not only that the plots for FCFS service have steeper slope, they also offer substantial (almost 30%) improvement in throughput for a given tail probability.
VI. Conclusion and Possible Extensions
We have shown that the HOL FCFS discipline has performance in good agreement with the analytical model. Furthermore, this performance is superior to that for the non-FCFS disciplines. We may conclude that offering priority according to age in queue is a worthwhile feature for multicast (as well as unicast) packet switches. We speculate that only a few priority classes for ages would be sufficient to reap most of the benefits.
An extension of interest is the multicasting of variable length packets with Poisson arrivals. Before we consider the general case, let us consider the unicast case with λ=λ input and exponentially distributed packet length with mean 1/µ. The delay t a destination remains at the HOL has a probability given by (µ−λ)e −(µ−λ)t . This becomes the service time distribution per packet for the input queue. The mean delay E [X ] before the HOL packet is served is 1/(µ−λ). To achieve stable input queue length, we must then have E [X ]<1/λ, and hence λ<µ−λ. Consequently, the mean utilization factor for each output is λ/µ<0.5. Therefore, the saturation throughput is reduced from the 58.6% for fixed length packet to 0.5 for packets with exponentially distributed length. The delay in queue for a packet can be calculated via M/M/1 queueing formulas. It is noteworthy that no independence assumption is invoked in this analysis. 
